PR ]

(NASA-TM-X-69438) THE MSC CSM ELECTKICAL
POWER SUESYSTEM EROGRAM (KASA) 85 p

SAM NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

MSC INTERNAL NOTE NO. 67-FM-200

December 27, 1967
007‘,
199

T Alaml o af T T [
s euh‘.";\-... .'_.'-,.\-Aj’ LQ'):»IU.‘IEH?, lnc- !

THE MSC CSM ELECTRICAL POWER-

SUBSYSTEM PROGRAM
(SrenA

By Roy E. ’Stokes,

MANNED SPACECRAFT CENTER
HOUSTON, TEXAS

Unclas
00/99 16290

N74-70669



MSC INTERNAL NOTE NO. 67-FM-200

PROJECT APOLLO
THE MSC CSM ELECTRICAL POWER SUBSYSTEM PROGRAM

By Roy E, Stokes
Guidance and Performance Branch

December 27, 1967

MISSION PLANNING AND ANALYSIS DIVISION
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
MANNED SPACECRAFT CENTER - z
o <
HOUSTON, TEXAS == 2N

/,’-;7«4 P = /(//4/ T-Z;,\* .
Approved: i crel a0 Teiaed (0N
Marlowe D. Cassetti, Chiet

=
Guidance and Performance Branch {—L

Approved:
John
MissiogjPlanning and Analysis Division



CONTENTS

Sectlon

SUMMARY AND INTRODUCTION o o o o« o o o o o o o o o &

PROGRAM DESIGN « o « o o o o o o o s o o o o o o o s

MASTER CONTROL SUBROUTINE (MCS)e ¢ « o o o o o s o &
Flag Subroutine (FS) - Called by MCS o« v o « o o &

Alternating Current Components Processing Subroutine (ACCPS)
CalledbyMCS....-..................

nverter subroutine (IS) - called by ACCPS and DS. . « . .

Direct Current Component Processing Subroutine (DCCPS) -
CallEd by MCS. . ] L] L] . . - L] L] L] . . L[] L] L3 L] L[] . L] L] .

Equations subroutine (ES)s o o o o o o o o o o o o« ¢ « o o
First guess subroutine (FGS) - called by DCCPS . . . . . .
Matrix solving subroutine (MSS) - called by DCCPS. . . . .
Accuracy check subroutine (ACS) - called by DCCPS. . . . .
Data subroutine (DS) - called By DCCPS « « « ¢ o o o & o
RESULT SUBROUTINE (RS) - SUBROUTINE OF DCCPS ¢ ¢« « ¢ o ¢ o o »
Battery Charger Subroutine - Called by RS. . « « « ¢« « « o .
Purge of Fuel Cells Subroutine (PFCS) - Subroutine of RS .
APPENDIX A - EPS CIRCUIT DATA .
APPENDIX B - EPS SWITCHING LOGIC. . . . .

APPENDIX C - EPS CIRCUIT MATRIX EQUATIONS .

. & e . . . . .

iii

Page

10

10
10
13
0
15

16
18

.18

22

. 36
b



N

| )
&

THE MSC CSM ELECTRICAL POWER SUBSYSTEM PROGRAM

By Roy E. Stokes

SUMMARY AND INTRODUCTION

This note presents specifications for programing of the MSC CSM elec-
trical power subsystem program (EPS) which will solve the CSM-EPS distri-
bution ecircuit. This program should be used for all EPS consumables anal-
yses and contingency studies. A description and general flow charts of
each of the subroutines are given. This program will replace the present
CSM-EPS program which is now out of date because of changes in the EPS
equivalent circuit. The MSC CSM-EPS program should be faster to minimize
computer time and more flexible to allow for changes in the EPS circuit.
In addition the program should be designed so it can be used to solve
EPS circuit parameters for the Apollo Applications Program (AAP) with a
minimum of program changes.

This report presents preliminary EPS circuit data and a preliminary
schematic drawing of the EPS circuit. This data is being used for the
initial design of the MSC CSM-EPS program; updates to the data will be

.published as they become availsable.

PROGRAM DESIGN

The MSC CSM-EPS program is to be made as flexible as possible so
that future changes in the CSM-EPS circuit will not cause major program
modifications. The program will be designed for use on the Univac 1108
computer and will be capable of solving the EPS circuit parameters for
AAP with a minimum of program changes. Minimum computer time needed to
run the MSC CSM-EPS program should be one of the main cbjectives of the
computer programer,

Program flexibility is to be obtained by generalizing as many sub-
routines as possible. The only subroutines that need to be changed for
different CSM circuits are those which input the circuit equations and
constraints on the switches in the EPS circuit.

Appendix A presents preliminary data which is to be used for the
initial design of the MSC CSM-EPS progrem. A preliminary schematic of
the EPS circuit is also given. The switching logic and an example of
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how it is to be used in determining the first guess voltage are given in
appendix B. The equations for the EPS circuit matrix are presented in
appendix C.

The output of the EPS program will be set up with clearly labeled
tables. There will be two output sections; one for consumables studies
and the other for contingency studies. The contingency studies output
may be cmitted for a time event, but the consumables study output may
never be omitted.

The MSC CSM-EPS program will eliminate most of the shortcomings of
the present CSM-EPS program. The program will allow for oxygen and
hydrogen used in fuel-cell purges. The battery charger and the fuel
cell reverse-current and overload-current relays will be simulated. The
diode resistances of the new CSM circuit will be included in the circuit
equations if these resistances are found to be significant. An attempt
is being made to obtain better voltage current data for all the sources
used. Also, better bus tie equivalent resistance data is being sought.
The new CSM-EPS program will simulate the inverters more accurately
than the present CSM-EPS program.

The MSC CSM-EPS program must have the capability of computing EPS
circuit parameters while the source (fuel cells and batteries) charac-
teristics vary with time. Changes in the fuel cell characteristies occur
as the load current demanded from the fuel cell changes from time event
to time event. The change in fuel cell load current causes the fuel cell
temperature to vary, which causes the fuel cell output characteristics to
vary. The variation of the fuel cell output characteristics continues
until the fuel cell temperature becomes stable. The thermal response of
the fuel cells causes the output characteristics to be time dependent.
The steady state data is to be used only if the data needed for the
fuel cell temperature response model is not found by the time the program
is needed by the Consumables Analysis Section (CAS) of Mission Planning
and Analysis Division (MPAD). The entry and postlanding battery charac-
teristics vary as the discharge characteristics of the batteries change
with time. The program must simulate the entry and postlanding batteries
discharge characteristies.

The present CSM-EPS program timeline writer is a very flexible sub-
program, and the timeline writer subprogram for the MSC CSM-EPS program
must be at least as flexible. The new timeline writer should be designed
to accept 50 subsystems, 60 components per subsystem, any component bus
assignment, and 6 component modes. The timeline writer must also have
the capability to turn on and off the alternating current only or the direct
current only of components using both ac and dc power. When the computer
programer develops the timeline writer subprogram, he should bear in
mind two main objectives; first, ease in program update and second, minimum
computer operation time.
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The present CSM-EPS program could plot many of the output parameters
on the Calcomp plotter. The MSC CSM-EPS program should be capable of
plotting all the output parameters versus time and also various output
parameters versus other output parameters stored on an EPS output tape.
The Univac DD8O will be used to mske the plots for the MSC CSM-EPS program.

The program should solve circuit parameters in both the SM and CM
after CSM separation. The program flexibility of solving two separate
circuits (which may at times be connected making only one circuit) will
be needed in EPS circuit modeling for AAP.

The following is an example of possible program input data:

(1) Subsystem.

(2) Component.

(3) Mode.

(4) ac or dc component.

(5) Bus connection of component.

(6) Power factor if component requires ac power.

(7) Transient power and time for the transient power of the
camponent to deplete.

(8) steady state power of component.

(9) Overload limits on the buses, subsystems, and fuel cells.

(10) Hydrogen and oxygen cryogenic loading and tank fail flag.

(11) Any data necessary to increase programing efficiency.
MSC CSM-EPS cold plate data for the present CSM environmental control system
(ECS) program will be calculated and stored in the same manner as the
present CSM-EPS program.

Program checks and comment cards should be used throughout the MSC
CSM-EPS program. An additional requirement 'is for a program restart

capability. The techniques to be used for this procedure must be coor-
dinated with CAS of MPAD before incorporation into the program.



MASTER CONTROL SUBROUTINE (MCS)

The MCS (flow chart 1) must read in and process all loadsheet param-
eters, component inventory data, and timeline data. The component
inventory data is read into the correct computer storage arrays according
to the assigned volt code. The timeline data is to be processed time
event by time event. Program flags are then set; the flags are to be in
a subroutine of the MCS. Components are processed in the ac components
processing subroutine (ACCPS) and the dc components processing subroutine
(DCCPS) which are called for by the MCS. A power profile may be called
for and generated on the plot tape in the MCS.

Flag Subroutine (FS) - Called by MCS
The FS is used to eliminate program errors caused by having false
information stored in the computer memory. The FS logic is presented

in flow chart 2. The following flags are available from the FS.

(1) Set all ac and dec bus—overload flags to indicate no overload.

ééﬁilﬁg&;&ll,a@;ﬁgﬁ:dsysgbsystems overload flags to indicate no
overlead. . - .. T4 T

(3) Set battery charger in off status. (This status is to be
checked in the charger subroutine.)

(4) Set all battery discharge energies to zero.
(5) Set fuel cell energy at zero.

(6) Set total system energy consumption at zero.
(7) Set all switches to zero or off.

(8) Set charging energy at zero (to be checked on in charger
routine).

(9) Set cumulative H, and O, used to zero.

(10) set H2 and O2 tank fail to zero which is nonfail.

(11) Set H, and O, consumption rate to zero.

(12) Set discharge power of batteries to zero.



Read in load sheets
(Input data that may be needed).

Read first time event,

\

Are there any more time events? To

Yes

Call flag subroutine,
Set all overload flags and constant flags.

Determine ac and dc component status and
configuration for the given time event.

Call ac components subroutine.
Process all ac components,

Call dc components subroutine,
Process all dc components,

End Program.

Put ac and dec power data profile on output tape of EPS program.

Flow chart l.- Master control subroutine.




Have flags been set initially? No —] Set all flags,
Yes

Have agy flags changed since the No o Return,

last time point?
Yes

Write out in the output the parameter(s) which exceed the set
limits. Also print out information in the output which will
note a parameter that has returned to within the specification
limit.

Return,

Flow chart 2.~ Flag subroutine.



(13) Set total fuel cell power level to zerc.
(14) Set battery charger amperage to zero.
(15) Set battery discharge amp hours to zero.
(16) Set battery currents to zero.

(17) Set fuel cell currents to zero.

(18) Set any overload or constant flags that are needed to facilitate
programing needs.

Alternating Current Components Processing Subroutine (ACCPS) -
Called by MCS

The purpose of the ACCPS is to perform a load analysis at each time
event in the mission profile. The loads on the ac buses and the dc power
required by the inverters are to be determined by this subroutine. The
subroutlne w1ll test the overload flags on the inverters and each of the

: gfload does occur, a printout of the flag viola-
his subroutine. The overload printouts  will
then bé inhibited tntil the overload no longer exists. A second printout
acknowledging the change in overload status will be made.

The subroutine will handle ac loads with various power factors and
transient power demands. A program methcd must be developed which uses
the transient power of a component for the ecircuit calculations until
the time required by the transient power has been exceeded. The program
calculations then are to be made using the steady state run power of the
component.

The general logic for the ACCPS is given in flow chart 3. The method
given in the following discussion is to be used to determine the dc power
required by the ac inverters and the overload of any inverter or subsystem.
For each component, the volt-amp (VA) and the reactive power (VARS) are
to be calculated using equations (1) and (2).

watts

VA = == (1)
VARS = (VAZ - wattsz)’} (2)

where Pf is the power factor.



Determine and set up ac-bus~to-inverter connects
and determine the inverter-to-dc-bus connections.

Check each component in each subsystem to determine
if it is an ac-on component. Print out all
components that are on for a single time event plus
total ac powver.

N Does this component that is on require transient
?
If no components powert
are on, print ‘ I No  Yes
out a note to _ . _ R
this effect. P = Run Power P = Transient Power

T 1

Return

A method must be developed to

change the components over to
run power after transient
power time has expired.

5

Calculate volt-amp, and VARS for each component

i/

Assign the ac loads to the appropriate inverters

4

Calculate the total volt-amps required from each
inverter. Compare VAT {0 the maximum volt-amperes

a converter can supply. If the inverter is over-
loaded print out a note stating this fact.

S
Compare the total ac input power to the total ac
power demanded from the inverters. If the values
are not equal print out an error message and abort
the program.

‘ Call Inverter Subroutine.]

The dc power required by the ac components is calculated in this subroutine
for each iteration of the matrix solving subroutine.

Return

Flow chart 3.- ac components process subroutine.
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An inverter overload can be made by using the results of equations
(1) and (2) in the following equation.

VA = [(z watts)?2 + (I VARS)Z]'} (3)

The total volt-amp loading, VAT for each inverter must not exceed
1250 volt-amg.

The dc equivalent power required by the components is to be found
by using the inverter subroutine. Subsystem overload can be determined
by comparing the maximum power allotted for the subsystem to the power
required by the components.

.The program should have the ability to produce an ac power profile
from the dats processed for each time event.

There are three inverters to contend with. The three inverters

‘should have flexible ac and dc bus interconnections. For example, it

should be possible for all three inverters to be connected to any of two
de or two ac buses, but two ac inverter outputs should never be paralleled.
The possibility of turning the inverters on through an input card should
be investigated.

Inverter subroutine (IS) - called by ACCPS and DS.- The IS will
calculate the equivalent dec resistance of the ac power load on the inverter.
The equivalent dc resistance will be a function of the bus voltage to
which the inverter is connected.

The equivalent de resistance is obtained by converting the ac power
required into an equivalent dc power and then dividing the equivalent
dc power into the voltage value squared of the bus to which the inverter
is connected. The dc power required is found by dividing the ac power
required by an efficiency factor. The efficiency factor varies as the
load varies and also as the dc bus voltage to the inverter input varies.
Therefore, a set of tables listing inverter efficiency versus inverter
load for various dc input voltages must be used.

The initial dc equivalent resistance will be calculated using the
final inverter input bus voltage from the previous time event. The first
time event will use a nominal 28 volts as the first guess in the dec
equivalent resistance calculation. A new inverter input dec bus voltage
will be obtained for each iteration in the DCCPS. The new inverter input
de bus voltage will be used to cobtain a new inverter efficiency which
gives a new dc equivalent power. The new inverter input dc bus voltage
and the new dc equivalent power will be used to obtain a new de equivalent
resistance for the inverter.
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The preceding process will iterate in the DCCPS until the EPS
circuit solution meets the accuracy specification demanded. Calculation
of de equivalent resistance in this manner greatly decreases the error
introduced in the program due to the ac loads approaching the maximum
and minimum watts output and due to the variations in the de¢ bus voltages
to which the inverters are connected. Table I of appendix A contains
the inverter volt-ampere loads as a function of efficiency.

Direct Current Component Processing Subroutine (DCCPS) -
Called by MCS

The DCCPS will determine which de components are on and off and the
status of the on components. Transient powers are to be contended with
in this subroutine as they were in the ACCPS. The DCCPS controls the
remaining solution of the CSM-EPS circuit. Flow chart 4 presents the
DCCPS logice.

The DCCPS controls the entire solution of the EPS circuit matrix
until an acceptable solution is rendered.

The DCCPS calls the switching constraints subroutine which is used
to simplify the matrix being solved by the program. The switching con-
straints logic is given in table I of appendix B.

Equations subroutine (ES).- The ES calculates and lists the equi-
valent resistances of the circuit loads and the circuit equation coeffi-
cients which compose the matrix to be solved. Figure A-1 is a schematic
of the EPS circuit; table A-II lists wvalues of all circuit resistances.

An initial diode voltage drop of 0.600 volts is to be assumed for the
first calculation in a time event. The CSM-EPS equivalent load resistances
(Req) are calculated by using the following equation.

2
R = (28)
eq power demanded by the particular load

(4)

The equations to be used for the initial design of this program can be
found in appendix C.

First guess subroutine (FGS) - called by DCCPS.- Next, the DCCPS
calls the FGS which is used to mske a first logical guess of the source
voltages which will enable the matrix solving subroutine (MSS) to more
quickly solve the EPS circuit matrix.
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Determine which de components are on and the status of the
on dc components., Give an output listing of on components
and the status of these components plus the total demanded

dec power. If no dc components are on, make circuit calcula-
tions using the ac loads only.

Y

Is the power demanded transient power?

No Yes

A i ) 4

Component power = run power

Component power = transient power

A i

A method must be developed to change the component power demanded

[ over to run power after transient power run time has been exceeded.

Determine to which bus the components are connected.

A

Sum up all component power loads on the appropriate buses.

}

Sum up all subsystem loads.

Call switching constraint subroutine (SCS).

Set all circuit switching constraints
which simplifies the matrix being solved.

Flow chart L.~ dec component process subroutine.
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|

Call equations subroutine (ES).

Loads are calculated and matrix coefficients
are determined.

A A
Call first guess subroutine (FGS).

This subroutine checks the power source con-
figuration of the EPS circuit and makes the
best initial guess to hasten the solution of
the matrix.

A

Call matrix solving subroutine (MSS).

Matrix is solved using initial voltage source
guesses.

]
Call data calculation subroutine (DCS).

Diode resistances are set, the RCR resistance
are set, and the value of source voltages are
determined for the next guess.

\

Call accuracy check subroutine (ACS).

Check accuracy of the last solution of matrix.

No Is last answer within accuracy specification bounds?

Yes
\ \
Call result subroutine (RS).

Resulting calculations and output data are processed in this subroutine.

Return to MC

Flow chart 4.- dc component process subroutine - Concluded.
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The FGS should make an initial source voltage guess which will be
very close to the final or real source voltage. This will enable the
program to converge on the matrix solution with a minimum of iterations,
thus saving computer time.

The approach that will be used by this program will be one which
matches an estimated source power load to the source voltage current
tables (table A-III, A-IV and A-V). In order to use this method the
demanded power loads of each bus must be determined and then an approxi-
mate load sharing scheme must be used to determine how much of the load
is applied to each of the eight sources. The calculation of the demanded
power on each bus can be determined in the component processing section
of the DCCPS. Switching logic and program experimental results can be used
to determine the estimated portion of the total load demanded that should
be assigned to each source. An example of the switching logic to be used
in determining the first voltage guess can be found in table B-II.

An alternate method may be used to obtain the estimated source power
load for the sources in the CSM-EPS. This alternate method consists of
substituting a unit voltage source for each one of the CSM-EPS sources
that may be on during a given time event. The matrix will then be solved
using the unit voltage sources. A resulting current can then be cgl-
culated for each unit voltage source. There is now enough information

to determine the approximate equivalent resistance that each CSM-EPS will
have as a load:

_ unit source voltage
unit source current’

(5)

A1l of the FGS switching logic could be eliminated if the estimated source
load equivalent resistance was obtained in this manner. The first guess
subroutine would still have to converge on a first guess voltage answer

as is done in block 5 of the FGS flow chart.

Matrix solving subroutine (MSS) - called by DCCPS.- MSS is now
called for. The MSS should be capable of solving as large a matrix as
possible (at least 31 x 31) with accuracy to five digits.

The method used to solve the actual CSM-EPS circuit equations is one
which iterates on source voltage guesses until it converges on an accept-
able answer. First, the source current which is the result of the initial
source voltage guess is located in the appropriate source voltage current
characteristic table (tables A-III, A-IV and A-V). The voltage in the
characteristic table which corresponds to the calculated current (resulting
source current of the first guess) is then used as the next source voltage
guess in the matrix being solved.
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1L

Determine the total load in watts applied to each group of sources
(entry and postlanding batteries, pyro batteries, and fuel cells).

2

Find the load for each source:

total load for particular source group

Load for each source = r
number of sources on in the source group

N2

Find the correct voltage current combination from the source charac-
teristic table that equals the power demanded by the loads.
Power demanded = voltage x current

L

Find the equivalent resistance of the loads applied to the particular
source. 282

eq ~ Power demanded by loads

N

An jteration process is now used to converge on a proper first voltage
guess. This is done by dividing the voltage obtained from the power
demanded by the equivalent resistance, Req’ and finding the resulting

current value in the source voltage current table. The accuracy of
this guess can be determined by comparing Req to the resistance calcu-

lated from the new voltage-current results. If this result is not
accurate enough (to the second decimal place) the new voltage "V'" is

divided by Req and the subroutine iterates through the preceding pro-

cess until the first-guess voltage meets the accuracy specification.
The accuracy of the first-guess voltage is checked by comparing
previous and present voltage results and monitoring changes in the
fourth digit of the voltage guess results.

L

Return to DCCPS with first voltage guess.

Flow chart 5.- First guess subroutine.
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The results of MSS are then put into the accuracy check subroutine
(ACS). The ACS must make a test on the MSS results and then determine if
the results are within the accuracy specification of five decimal places.
If the results are not within specification, return to the MSS via data
subroutine (DS) and iterate through the MSS and ACS until a desirable
solution is found. Once a desirable solution is found, return to the
DCCPS.

Accuracy check subroutine (ACS) - called by DCCPS.- The ACS will compare
two values and determine the accuracy of the last answer obtained from the
MSS. The two values to be compared by the ACS are the source voltage guess
which will be used to solve for the next source voltage guess, and the source
voltage guess for the previous iteration. The two values of source voltage
will give a spectrum of the matrix conversion. The two values should
be compared, to note when the fifth digit ceases to change. At this point
the matrix can be said to be solved satisfactorily. Checks should be
incorporated in this portioi of the DCCPS to expedite the solution of
the matrix being solved.

Data subroutine (DS) - called by DCCPS.- The DS for the next calculation
simulates the reverse current relay (RCR) operation, the diode forward
and reverse bias characteristics, and the new inverter equivalent load.

If the current through a diode is negative the equivalent resistance
of the diode is on the order of 1 megohm. If the current through a diode
is positive the equivalent resistance is calculated as a function of the
current passing through the diode. Since the current through the diode
is knowr, the voltage across the diode can be found from the diode volt-
amp characteristic table. Once the diode voltage is determined it can
be put into the matrix as & more accurate diode voltage drop guess. 1In
order to make the initial calculation a diode voltage drop of 0.600 volts
will be assumed. The diode resistance is determined by looking up the
diode current in the diode steady state power loss versus diode current
table and reading out a power which corresponds to the diode current.
Then,

diode steady-state power (6)

diode resistance = (diode current)? .

The RCR equivalent resistance is on the order of 1 megohm after a
reverse current of specific magnitude has passed through the RCR for a
specified time limit given in table A-VI. If the current through the
RCR is positive and does not exceed the limits set in table A-V the

resistance will be assumed as 0.002 ohms®. If the positive current

®This is en approximation to be used until the RCR data is obtained.
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exceeds the limits of table A-VII the equivalent RCR resistance is again
1 megohm. The DS will next call the IS. The IS will calculate the new
inverter equivalent load resistance.

The DS also determines the next values to be used for the source
voltages. This is done by calculating the current through the sources
resulting from the last calculations made by the matrix solving sub-
routine. The calculated current values are then looked up in the source
voltage current characteristic table, corresponding to the calculated
current, is used for the next voltage guess.

RESULT SUBROUTINE (RS) - SUBROUTINE OF DCCPS

The RS calculates the necessary results. The RS will then output
all results in two. dlfferent categorles. Categery I will contain all
» 2 '”'bles study.  Cetegory II will 1list dasta
. Category I will be called for
at alI“Ehmﬁf "€H$egeryfﬁfvni1 be optional and called for only if
signaled for. The following is a list of all the data needed in cate-
gory I (consumables studies):

1. Power data:

# b I,

a.'“Ihstég;;;:;;s‘dﬁ power.
b. Instantaneous ac power and volt-amps.
¢c. Total ac and dc power accumulated.
d. Battery charge status?.
2. Cryogenic data:
a. EPS H2 and 02 instantaneous consumption rate.
b. ECS O2 instantaneous consumption rate.
c. Remeining H2 and Ozb.

d. Consumed H2 and O2 .

e. Cryogenic tank fail and non-fail.

aBattery charger subroutine data is used to obtain this wvalue.

PIme purge subroutine (PS) is used to aid the calculation of these

values of H2 and 02.
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Component data:

a. List all ac and dc components on. If no components, either

ac or dc, are on, state this fact in the output.

T.
8.

b. List power demended by the ac and dc components.
Power system overload data:

a. Overloads on fuel cells, and buses.

Fuel cell data:

a. Fuel cell voltages and consumption rate of H2 and 02.
b. Fuel cell temperature.

c. Tuel cell currents.

Battery data:

a. Battery voltages.

b. Battery current.

Give the time for the particular time event under study.

Bus voltages.

The following is a list of all the data needed in category II (contin-
gency studies):

1.

All consumables analysis data must be printed out plus the

following information.

2.

3.

Voltage data:
a, Node voltages.
Current data:

a. Bus and node currents. (Bus and node currents are to be

deseribed specifically for each bus. Example:

(1) Current into the bus or node.
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(2) Current to loads.
(3) Current to other nodes or buses.
k. Load sharing data: Printout the percentage of the total load
that each source shares.
Battery Charger Subroutine - Called by RS
The battery charger and the battery that is being charged by the
battery comprise a very complicated circuit. An approximation of the
battery charger will be used for this program. This approximation deals
only with the battery charger output. The input power of the battery
charger is assumed to be constant.
Battery charger "on" mode switching constraints are as follows:
1. The battery charger can charge only one battery at a time.
2. All battery loads, connected to a battery which must be charged,
must be disconnected from the battery before the battery charger can be
used to charge the battery.

The following equation describes the general behavior of the batfery
charger:

AH. = SEll-ifEQl + (b0 - AH) (1)
N AHO + 1 0
where
AHN = new charger status of the bhattery.
AHO = amount of ampere hours depleted from the battery.
T1 = time the charger is left on.

This equation is to be used to calculate the charge status of a battery
Just after charge. AHN maximum should never exceed U0 amp-hr. Using this

equation, if AHg >, make AHy = 40 amp-hr.

Purge of Fuel Cells Subroutine (PFCS) - Subroutine of RS

First, the number of fuel cells operating must be determined by the
PFCS, so that the correct H2 and 02 rates can be calculated. The purge
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N
Is the battery charger on? 2 = Return

Yes

b4

Find new battery charge, AHN, in amp-hr from

(z,)(a8,)
AHN =.W:-—l_+ ()40 - AHO).

If AHp > 40, make AH. = 40,

Y

Write out new battery status at the end of the charge time limit,

N

Return

Flow chart 6.- Battery charger subroutine.
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rate for H2 is 0.67 1b/hr per fuel cell, and the purge rate for O2 is
0.60 1b/hr per fuel cell. The allowed purge times are 80 seconds for
H2 and 120 seconds for 02.

The general equations for the calculation of the pounds of H

5 and O2
consumed by purges are:
H2 = (52%6) (0.67) (number of fuel cells) (8)
0, = ( 120) (0.60) (number of fuel cells) (9)
2 3600 * '

The purge routine may be initiated by the identification of a purge

component being turned on., New H2 and O2 data is to be given when the

purge component is turned off.
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APPENDIX A

EPS CIRCUIT DATA
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TABLE A-I.- INVERTER LOADS

[Inverter efficiency, Pf = 1.0]

Load, Efficiency, de input,
V—amp percent v
100 63.20 25
200 67.50 25
250 69.00 25
300 70.25 25
350 T71.60 25
400 T2.50 25
450 73.30 25
500 T4.00 25
550 T4.80 25
600 T5.50 25
650 76.00 25
T00 76.50 25
750 77.00 25
800 77.25 25
850 T7.50 25
900 T7.73 25
950 TT.TT 25
1000 77.85 25
1050 T7.90 25
1100 77.85 25
1150 T7.77 25
1200 T7.73 25
1250 77.50 25
1300 77 .40 25
1350 77.25 25
1%00 77.00 25
1900 72.10 25
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TABLE A-I.- INVERTER LOADS - Continued

Load, Efficiency, de input,
V-amp percent v
100 59.50 28
200 65.00 28
250 66.60 28
300 68.25 28
350 69 .60 28
400 70.65 28
450 71.60 28
500 72.50 28
550 73.35 28
600 Th.25 28
650 Th.90 28
700 75.50 28
750 76.00 28
800 T6.40 28
850 T6.70" 28
900 76.80 28
950 TT7.00 28
1000 76.95 28
1050 76.80 28
1100 76.70 28
1150 76.60 28
1200 76.%0 28
1250 76.25 28
1300 76.00 28
1350 75.75 28
1400 75.50 28 .
1900 71.90 28




L)
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TABLE A-I.- INVERTER LOADS - Concluded

Load, Efficiency, de input,
V-amp percent v
100 54.20 30
200 60.00 30
250 62.25 30
300 62.95 30
350 65.50 30
Loo 66.75 30
450 68.25 30
500 69.45 30
550 70.60 30
600 71,70 30
650 T2.30 30
T00 73.30 30
750 Th.00 30
800 Th.75 30
850 75.00 30
900 75.35 30
950 75.50 30
1000 75.60 30
1050 75.60 30
1100 75.50 30
1150 75.40 30
1200 75.20 30
1250 75.10 30
1300 Th.95 30
1350 Th.65 30
1koo Th. L5 30
1900 71.10 30
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TABLE A-IT.- CSM RESISTANCE VALUES

Resistor no. Resistance,
[ ohms
1 0.0100
- 2 0.0100
3 0.0100
L 0.0100
5 0.0100
6 0.0100
7 0.0100
8 0.0100
9 0.0100
10 0.0100
11 0.0100
12 0.00751
13 0.00607
1k 0.00680
15 0.00451
16 0.0100
17 00056~ |-oT15
| 18 0.0050  [.oq15
\ 19 0.0100
| 20 0.0100
21 0.0100
" N 22 0.0100
23 0.00L451
- 2k ! 0.0050
25 0.0100
o6 6-6056 . o915
27 00050 .oU%
28 0.0100
29 0.0100
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TABLE A-II.- CSM RESISTANCE VALUES ~ Continued

Resistor no. Resistance,
ohms
30 0.00680
31 0.0100
32 0.0100
33 0.0100
3k 0.0100
35 0.0050
36 0.0050
37 ~ 0.00451
38 0.00607
39 0.00751
4o 0.0100
b1 0.0100
Lo 0.0100
43 0.0100
Ly 0.0100
4s 0.0100
|l s 0.0100
L7 0.0100
48 0.0100
Lo 0.0100
50 0.0100
51 0.00L465
52 0.0010
53 0.0010
54 0.0010
55 0.0093
56 0.0093
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TABLE A-II.- CSM RESISTANCE VALUES - Concluded

Resistor no. Resistance,

ohms
5T 0.0100
58 0.0024
59 0.002k
60 0.002k4
61 0.0100
62 0.002k4
63 0.002k
6L 0.0024
65 0.0100
66 0.0055
67 0.00khh
68 0.0055
69 0.00k4k
70 0.0055
T1 0.004k4
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TABLE A-TII.- VOLTAGE-CURRENT DATA FOR PYROTECHNIC

BATTERIES 1 AND 2

de current, dc voltage,
amp v
1 30.45
6 30.h4
15 29.2
25 . 28.
50 25.
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TABLE A-IV.- VOLTAGE-CURRENT DATA FOR ENTRY AND

POSTLANDING BATTERY

dc current, de voltage,
amp v
0.0 32.
0.45 31.
1. 31.
1 31.
2. 31.
3 31.
L 30.
6 30.
8 30.
10 30.
12 30.
1k, 29.
17. 29.
19. 29,
22 29.

o
@ =
O AND ON O N B O @ O -1 = I ©wW H -1 W W W o\ -1 ® WO O w OO

29.
- 28.
28.
28.
28.
28.
27.
271.
27.
27.
27.
26.
26.
26.
26.

w0 4 4 9 60O\ N oW W
Ww W &= O U1 O 1 O O H =1 w
N & O O NN OO0V o O MDD F OV O O B OV O N FE OO O N BFEoN 00 O

o
(@]
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TABLE A~V.- FUEL CELL STEADY STATE VOLTAGE-

CURRENT CHARACTERISTIC DATA

de voltage, de current, Temperature,

v amp °F
36.00 0. Not in operation range
31,75 T.50 Not in operation range
31.37 10.00 Not in operation range
30.25 15.00 Not in operation range
30.40 18.00 407.30
30.30 20.00 410.00
29.82 25.00 b17.34
29.45 30.00 423,34
29.07 35.00 428, 3k
28.67 L0.00 429.h1
28.30 45.00 437.30
27.92 50.00 440.50
27.60 55.00 Lk b5
27.20 60.00 Lh7.50

| 26.50 70.00 ] k52,40
25.80 80.00 457.05
25.15 90.00 461.00
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TABLE VI.- TABLE A-VI.- REVERSE-CURRENT DATA

Current, Time,

}ww:o amp sec
L No trip

20 2.10

30 l.22

50 1.11

TABLE A-VII.- OVERLOAD-CURRENT DATA

Current, Time,
amp sec
75 ,NO tripW
| ] ) . 112 80.
150 38.
300 5.81
450 1.07
. €00 ~0.776
- 750 0.572
. 1000 0.470
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APPENDIX B

EPS SWITCHING IOGIC







Node

(1) 1 S65 = either S, . or S

(3)

(%)

(5)

(7)

If S66 = either S or S

38

APPENDIX B

EPS SWITCHING LOGIC

TABLE B-I.~ SWITCHING LOGIC FOR ALL NODES

[If 8 = 0, switch is open; if S = 1, switch is closed. ]

29 31

817 5815581355 =

32 30

818 = 516 = 51 = Sio

If S3¢ = S3q = either Syg or S¢y

If 829

If 829

If 339

If S30

ir 830
If S6l

Ir 856

Ir s

0, 855 = 1
1, 83 = 0
S35 = 531 = S37 53 ~
0, 85, =1
1, 857 =0

either S62 or 858 = 857
Ss7 = S60 = 532 = Ss
0, then S
So7 = Sug = 528 = S¢0 T
0, then S, = S0 = 0

Sgg = 0, then S, = 0

Sp3 OF 8,55 = Sy Or Sy, =

35 = S27 7 Bug *

= either S or S

23

=5 =8 =

10 10

= 0, then 8

Syo

528 = S60
0; then SLI-6
Sug = Sgo

25

Sg

31

= 0, then

1}
o
ct
[=3
1)
=
(2]

1

= either 826 or 82h = 0, then SBh =

=5, =8, =5

=8 =8 =S)42

35 37

36 -

0, then sh9 =3

39~

57 ~

19

20



Node
(8)

(10)

(11)

(12)

(13)

(1k)

(15)

(16)

(17)

39

TABLE B-I.- SWITCHING LOGIC FOR ALL NODES - Continued

If S, = 0, then §; =

If =0 and S

both Sl >

If 1, then SBh =

Sy

If S
3

11

both S3

1, then Spg =

= 0, then S3 =

= 0 and Sh

If

If

both S
ot S5

5
= 0 and S6

T
= 0 and S8

Shh = 0, then S

both S7

9
= 0 and Sl

ShS = 0, then S

If both 89

I§4§8345”034Ehggﬂs

If 550

If both Sl

3

Ir 852

both 8

Ir 15

If 853

If both Sl

7

It 8
>

both Sl

y = 0, then S g

If 9

0

1 -
If both Sll = 0 and 812 = 0, then

= 0, then 513 =
= 0 and Slh = 0, then

= 0, then 815 =

= 0, then S17 =

= 0 and 82

= 0, then ShO =0

I
[}

and if Sh 0, then SBM =

and if S3

1
=

0, then SB3 =
=0

= 0, then Shl =0
0

= 0, then Sh3 =0
38 =0

= 0, then Shh =

I
o

S10 =0

= 0, then 5, = 0
810=0
Sg3
S, = 0
50

= 0 and S16 = (0, then S =0

52

5,8 =0

= 0 and 818 = 0, then S =0

53

= 8 =0

20

0= 0, then SSM =
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TABLE B-I.~- SWITCHING LOGIC FOR ALL NODES - Continued

Node
(18) 1r 855 = 0, then S,; = 85, = 0
If both Sy = 0 and S, = 0, then 8,5 = 0
(19) 1f Shg =83 = 357 = 0, then either §,; or 825 = either 5,. or

(20) 1If Sg5 = Sgg = 0, then S =0
(23) 1f 8¢y, = 0, then S65 =8¢ =0

Tf B33 = 836 = 837 = 838 = 85 = 87 = 853 =5, = 55

= 851 = 852 = 853 = SSh = 8., = SSB = 8., = S61 = th

If Sg5 = Sgg = Sq3 = Sqyy = Sq5 = 0, then Sgq =

|

w0
[o)}
oo

\

0
-3
oo

]

0n
)
-3

(21) If 536 =839 = 83, =85, = 8., =5, =0, then 538 =0

39 37 31 35
it 863 = 836 =8

39 0, then 838 =0

(22) 1Ir s61 = 359 = 832 = S6o = 557 = 856 = 0, then 858 =0
If S, = 85y = 357 = 0, then 558 =0

(23) see (20)

(24) Ir S7h = 0, then 8gg = STO =0
If 8g, = STO = 0, then S7h =0

(25) 1r 375 = 0, then §g, = 571 =0
If Sg, = sTl = 0, then 375 =0

(26) 1r Sgo = 0, then Sg; = 0

If S, = 0, then Sgy = 0

(21) 1r Sgg = Sqn = 378 = 0, then 579 = 8gy =8g, =0

T7
If 8, = 8gy = 8gy = Sgg = 0, then Sqp = 878 =0
(28) 1r 8¢5 = 567 = 8¢g = 0, then S69 = s70 = sTl =0
If Sgg = 8qp = 8iq = Sgg = 0 then 567 =8¢ =0



Node
(29)

(30)

(31)

T
It 872

If 868

If 876

Ir S78

If 573

If S69

L.

TABLE B-I.- SWITCHING LOGIC FOR ALL NODES - Concluded
= 0, then S68 =0

0, then 872 =0

0, then S78 =90
= 0, then S76 =0

0, S = =

then 69 879 0
879 = 0, then 873 =0
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TABLE B-II.- EXAMPLES OF FIRST GUESS SWITCHING LOGIC

CSM switching constraints P:gt Load sharing configuration
827 = S28 either 829 or 531 1 R3, RS’ R26’ R6’ and Rh are to be shared equally by the
= either S g number of entry and postlanding batteries that are on.
- € 26 °F Soy R21 and R22 are the loads applied to the pyro batteries.
a either 823 or 525 If S38 = 558 = 1, then 1/3 of the load of both R2l and R22
= either S. or S.. = 0 is applied to the entry and postlanding batteries, the rest
32 30 of the load is applied to the pyro batteries. If S38 = 858
(Other switching is normal.) = 0, the pyro batteries (if on) will carry loads Ry and
R22. The remaining loads are applied equally to the number
of fuel cells on.
565 = 866 = SGh =0 2 A1l CM loads are applied equally to the number of entry
and postlanding batteries that are on. The constraint
(Other switching is normal.) concerning loads R21 and R22, as listed above, is to be
observed when assigning loads to the pyro batteries. The
SM loads are applied equally to the number of fuel cells
on in the SM.
829 = S31 =83, =1. 3 Fntry and postlandings batteries A and B (if they are on)
are load sharing with the fuel cells. Assume that
Either 823 or §,; = o] 30 percent of the load is applied equally to the two
> batteries and the remaining load is to be applied equally
(Other switching is normal.) to the number of fuel cells on in the SM. A more accurate
load sharing approximation will be determined by experi-
méntgtion. Pyro batteries are treated the same as in
part 1.
829 = S31 =3 o = S 0= 823 y The same as in part 3 except that 30 percent of the total
3 3 CSM load is to be applied equally to the three entry and
= 525 = 1 (Other switching postlanding batteries (if they are on).
is normal.)
= = = t 4. (This is a simulation of CMBB bus loss.
329 S31 357 823 5 Same as par ( us )
= 8p5 = 1. 83 = Sgg
= either S26 or Sgh =0
(Other switching is normel.)
865 = either 829 or 831 6 Same as part 5. (This is a simulation of a CMBA bus loss.)
= either 823 or 825 = 0.
S = = =
32 = 530 = Sp6 = Sau
= S35 = 1 (Other switching

is normal.)
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EPS CIRCUIT MATRIX EQUATIONS
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APPENDIX C

EPS CIRCUIT MATRIX EQUATIONS

SYMBOLS

El 31 voltage at nodes 1, ..., 31
3 sy
Ej voltage drop across diode
R bus connection equivalent resistance
RD diode equivalent resistance
S switch
Z varigble load resistance
EQUATTONS
NODE 1:
- - - - +.T._ -1
L) - I - I - L s I3 - gt Tig m Iy T oy T Tap 7 T30 Yoz 7 136
+ 1T + I =0
- -E_)S
(B, Ey Ey) s, (B, - By - By ) 838, (B - B, - Byl 8y
Ry * By Ry + Rpp Ry *+ Bp3
- - -"E, . - ) 8
(B, - By - Epy) 57 (B} - Bpp EDS) 59 _ (B) B4 . pe’ 511
- - R. +
Ry + Bpy Bs * Fps 6 * Fpé
- - - s
(B) - Eyy - Epp) Sy5 (B - Byg - Brg) 85 (B - Byg - Bpg) Syg
- - R. +
Ry * Ry Rg + Rpg 9 * Bpg
- -E -E S.. 8§
(B - Bp - Byo) 819 (B - Ejg - Byl Sy . (Ejg - B RD12) 23 5
- - "
B0 * Rpao Ry * Fony 12 ¥ fmo
_E - E, - E._) S
(B) - B - Eyyg) Spr (B3 = B - Eyg) Sp9 531 (B) - Bpg) S35
- . -
i3 * Fpas Bis * Rpig 1

(Bpp - %1) B6s _

Rss




Batt (1, 1) = - °1 _ 23 %l 5 St 5 511
By * By Rp*Bpp Ry * By R+ R, R+ Ry, R+ R
= 513 s SS9 21
Ry * Byy  Rg * Bpg Ry + By Ryg + Ry BRyy + Ry
= _523%s 8y S20 551 833 S¢s
Bio *Bpip Fi3 *Bpys Ris v Ry %4 Ry
S. S
Batt (1, 3) = 7 29+ 31
15 D16
s
27
Batt (1, 5) =
Ri3 * Bpp3
5y
Batt (1, 8) =
Rl + RDl
S. s
Batt (1, 9) = g 3+ gh
' 2 * fpo
S5
Batt (1, 10) =
Ry + R
57
Batt (1, 11) =
Ry *+ Bpy
59
Batt (1, 12) =
) R, + Ry,
s
11
. Batt (1, 13) =
R, + R
s
Batt (1, 1L) = R"%—
T DT
s
15
Batt (1, 15) =
’ Rg + Rpg



3att

Batt

Batt

Batt

Batt

Batt

Batt

(1,

(1,

(1,

(1,

(1,

(1, |

16)

17)

18)

19)

23)

28)

32Y

n " 1} n [}

i}

48

17

e ——— e,

Ry * Bpg

19
R0 * Foo

21
11 Dil

o
+
=)

Sp3 5p5
12 * Bpio

=)

2]
w
(W3]

N
(=

0

S6s
Rss

Aﬁgttr(i;ié) Ej, - Batt (1, 9) Ey, - Batt (1, 10) E,; - Batt (1, 11) Ep,

Batt (1, 12) E

s Batt (1, 13) Epc - Batt (1, 1) B

Batt (1, 15) E,g - Batt (1, 16) ED9 - Batt (1, 17) B

Bett (1, 18) B + Batt (1, 19) Epp - Batt (1, 5) B o

+

Batt (1, 3) Eg




NODE 2:

L9

(By = Bg = Epge) Sp (B ~Bg - Byas) Sy Spy  (Ep - By - Bpgy) S

R0 * Fpse Rug * Fp3s Rug * Fp3y
By - By - Bgy) g (Bp - Eip - Bpgp) 810 (B - By - Epgy) Sy
Ru7 * Fpas By6 * Fp3z Rus * Fpna
C(Bp - By - Epgo) By, By - B - Epg) 81 (B - Eyg - Eppg) 8y
th + RD30 . Rh3 + RD29 Rh2 + RD28
By - Byy - Bopp) Spo (Bp - Eig - Frog) Spp X (B1g = Bp = Enps) 856 Sy
Fu1 * Fpoy Ruo + Fpog B39 * Fpos

(Ej- Bs - Epny) Syg . (B, - B, - Eppg) S35 g By - Byg) Sy,

R38 + Rnah R37 * RD23 Zz
s 8, S s s s
Batt (2, 2) = - ¢ +2R R l‘+ 1]3:3 R +6R R +8R R '];OR
50 D36 Lo D35 48 D3k L D33 L6 D32
512 Su S S By
Rus * Bpay Ruy *Bpzo  Buz * Fpog  Ryp + Bppg Byy *+ Bpo
Spp So6 5 __ S8 532530 S Sg
Ruo * Fpog  Bag * Fpos  Ryg * Bpoy  Ryp + Rppn 4, Ry
s.. 8
32 539
Batt (2, L4) = _
Ryr * Bpos
s
28
Batt (2, 5) =
Rig * Bppy
(2, 8) %2
Batt (2, 8) =
| Rso * Bpas



Batt

Batt

Batt

Batt

Batt

Batt

Batt

Batt

Batt

Batt

Batt

Batt

Batt

(2,

(2,

(2’

(2,

(2’

(2,

(2,

(2,

10)

11)

12)

13)

1h4)

15)

16)

17)

18)

19)

23)

27)

i

n

L}

u"

ha + R

D28

D27

D26

39 D25

j=s]
W
[«)Y

50
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Batt (2, 32) = - Batt (2, 8) Epsg — Batt (2, 9) Ep35 - Batt (2, 10) Epal

Batt (2, 11) E, 35 - Batt (2, 12) E,5, - Batt (2, 13) Ey3p

Batt (2, 14) E

530~ Batt (2, 15) ED29 - Batt (2, 16) L

Batt (2, 17) ED27 - Batt (2, 18) E ¢ + Batt (2, 19) ED25

Batt (2, 5) Ej,) + Batt (2, ) Epos
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NODE 3:
Ty3 = I3g = Iyo = Tyg = Iyg = Iys = Iy = O

(Bpg = B3 + Epp) Sy (B3 - B) - Bng) Spg 83y (By - By - By, - Eyyq) S5

Ri7 * Ry Bi5 * Bpig Ry * Bpys * By
(B mB) Sy (B3 -Eg-Enyg) Syp (B3 - Epy) S35 (By - Bp) Sy
Rg Bo * Byq B9 23
Batt (3, 3) = e - 29 21 - 35 - i) - _ e
Rig * Big Rig *Rpyg By * Bpys * By, Ryg Bop + Ryo
e R 14
Rig %3
Batt (3, 1) = Batt (1, 3)
. -
Batt (3, 23) = r-%%— + '%1
17 ¥ Pig 3
s
35
Batt ( 3, 5) =
Riy * Bpys * By
s
Batt (3, 7) = ﬁ;g
16
s
L2
Batt (3, 6) = —————
Byp + Biq
s
Batt (3, 21) = 738
Ry ~
536 .
Batt (3, 32) = - m (EBA) - Batt (3, 1) E‘D16 - Batt (3, 5) (EDlh + EDlS)

- Batt (3, 6) ED17
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NODE k:

Tsg = I39 = Iyg =~ T50 = 53 =I5 = T55 = O

(Bpy + B~ B) Sgy  (By = Bp = Bpog) 835 859 (B - Bg - Bpoy - Eppp) Sgg
R35 * 36 B31 * Bpes B30 * Epoy * Fpop

(B, - E;) Sg, ) (E, - B¢ - Eypo) Sog ) (B, - Epp) 8o5 (B - Epq) Sg

- - =0
Rag Rog * Bpog R31 Zy,
s 5.8 s s s
Batt (b, b) = - g 6i R,. R = go T R, * R - + TR 263 - ﬁéﬁ
35 Y Ryg  Rgp ¥ Rpoy  Rap v Rppy *Rppp  Rpg v By Ry
_ 559
2y
s s
Baxt—4k1—23}4=ﬁ?——4ékﬁ—— + —%2 =0
35 ¥ Bag b
S.. 8
Batt (4, 2) = §—§§;—§9——
37 * Fpo3
s
60
Batt (L4, 5) =
R3o * Bpor * Bpao
s
Batt (4, T) = ﬁél
29
s
6
Batt (L, 6) = —20—
Rog * Bpog
s
Batt (L, 22) = §5§
31
Batt (4, 32) = 61 (E_.) - Batt (4, 2) - Batt (4, 5) ( + )
a » 32) = - Ry * Ry BB » 2) Eypa , Epoy * Eppp

~ Batt (4, 6) EDZO



5,

NODE 5:
IHQ + I36 + IhS + Ih9 + 13,‘. - 157 =0

. (B - E5 - Bj3) Sy . (Bl - E5 - Epjg - Bpg) Sig
Ry * R

pik ¥ Bpis B3 * B3 Rog * Bpig * Bpyg

(Ey - E5 - By = Eppp) Sgg

(E, - B5 - Bys)) Sog _ (B; - By3) S)¢

+

+

R3g * Bpor * Bpoo Rsg * Bpoy Zs
Batt (5, 5) = - S35 _ S60 S8 5y
Ry + Bppy * Bpis  Rog * Bppyy + Bpop  Byg * Bppy  Ryg * By
_ S18 _ o
Rys *Bnig *Bpig %
S
48
Batt (5, 19) =
By3 * Bpig * Bpig
Batt (5, 4) = Batt (4, 5
Batt (5, 1) = Batt (1, 5)
Batt (5, 3) = Batt (3, 5)
Batt (5, 2) = Batt (2, 5)
' S
Batt (5, 23) = —%é
5
Batt (5, 32) = Batt (5, 3) (B, + ED15) + Batt (5, 1) B, + Batt (5, 19) (Ey g + ED19)

+ Batt (5, 4) (ED21 + ED22) + Batt (5, 2) LA



55

NODE 6:

Typ ~lsg ¥ 15 =0

(B3 - B - i) Sup (B = Bog) Sup (B = Bg = Fpog) Sop
Roz * Bpi7 Zg Rag * Fpao

Batt (6, 3) = Batt (3, 6)

Batt (6, 4) = Batt (4, 6)

S
Batt (6, 23) = —%1

Batt (6, 6) = - =———— - — -

Batt. (6,-32) = + Batt (6, 3) Epyp t Batt (6, 4) oo

0



56 |

NODE T:

Ih6 + 1 +1I =0

50 ~ Ish 76~ I52

ST = 1.0

If either 825 or 823 = either 826 or S2h = Sh& = 0

then ST = 0

(E (E, -E,.) 8T (E

3 = E7) 8g9 . (E, - E;) Sg, T L oy Epo - B) 89

Rig Rag - By, Ryg * Rop

(B; - Bpe) Spp -

Rys

0

Batt (7, 3) = Batt (3, T)

Batt (7, L)

Batt (L, 7)
Batt (7, 19) = 2o
ol

Batt (7, 23) = o—-to—
Ryg * Boy
Batt (7, T) = - Batt (7, 3) - Batt (7, 4) - Batt (7, 19) - Batt (T, 23) - Batt (7, 26)

Batt (7, 32)

- Batt (7, 23) Erc

Se2
Ras

Batt (7, 26)



5T

NODE 8:

Il+12—I3=0

(B - By - Bp) §) . (E, - Eg - Epyg) & _ (Eg - Bp3) Sig =0
By * By Rso * Pose %g

Batt (8, 1) = Batt (1, 8)

Batt (8, 2) = Batt (2, 8)

S
Batt (8, 23) = —%9
8
Batt (8, 8). = - Batt (8, 1) - Batt (8, 2) - Batt (8, 23)

Batt (8, 32) = Batt (8, 1) E, ¢ Batt (8, 2) Eps6
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NODE 9:

Ih + I5 - I6 = 0

(E1 - Ey - ED2) 85 Sg), . (E2 - By - EDSS) 853 5y, i (E2 - 1-323) 811 i}

0
Ry + Ry Ryg * Fpss Zg
Batt (9, 1) = Batt (1, 9)
Batt (9, 2) = Batt (2, 9)
‘ S
Batt (9, 23) = —%l
9
Batt (9, 9) = - Batt (9, 1) - Batt (9, 2) - Batt (9, 23)

Batt (9, 32) = Batt (9,'1) "By, + Batt (9, 2) Eyyq



59

NODE 10:
I+ I, -1 =
;tIg-Ig=0

By = F1o =g 85 (Bp - Bio - Byp) B (Fig  Bpy) B3

Ry + Rpys Rug * Fpay %0

Batt (10, 1) = Batt (1, 10)

Batt (10, 2) = Batt (2, 10)

e

Batt (10, 23) =

]

10

Batt (10, 10) = - Batt (10, 1) - Batt (10, 2) - Batt (10, 23)

Batt (10, 32) = Batt (10, 1) Epg + Batt (10, 2) Epay,



60

NODE 11:

ot Iy~ 1p=0

(B, - By - Bp) 8 . (B, - By - Bp33) S5 (E); - Ey3) Sy, .
R, * Ty Fyr * B33 7

Batt (11, 1) = Batt (1, 11)

Batt (11, 2) = Batt (2, 11)

]
Batt (11, 23) = EEE

11

Batt (11, 11) = - Batt (11, 1) - Batt (11, 2) - Batt {11, 23)

Batt (11, 32)" : Ba‘bﬁ

];):gﬁh + Batt (11, 2) Eo

0




61

NODE 12:
i3t s - Iy =0
(B, - B 5 - Ep) 8y (By - By =~ Eypop) 85 (Bpy = Eyg) 55
R+ + R, + & Z =0
5 * Bps 46 * Bp32 12

Batt (12, 1) = Batt (1, 12)

#

Batt (12, 2)

Batt (2, 12)

S
Batt (12, 23) = 552
12

Batt (12, 12) = - Batt (12, 1) - Batt (12, 2) - Batt (12, 23)

Batt (12, 32) = Batt (12, 1) Ejg + Batt (12, 2) Epq,



62

NODE 13:

gt Iyp-T18=0

(B - By3 = Bpg) Sy | (Bp = Byg - Bpgy) Sy (Byg - Bpy) Sgg
B * Fs Bus * Foz %3

=0

Batt (13, 1) = Batt (1, 13)
Batt (13, 2) = Batt (2, 13)
Se3

213

Batt (13, 23)

Batt (13, 13) = -Batt (13, 1) - Batt (13, 2) -~ Batt (13, 23)

Batt (13, 32) = Batt (13, 1) Ej. + Batt (13, 2) Ep3y
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NODE 1k4:

Lo*Igp =TIy =0

(By - By - Bpp) 813 (Bp - By - Bpgg) 8y, (Byy - Bpy) S

Ry + Ry Ry * Rpgo

Batt (14, 1) = Batt (1, 1k)

Batt (14, 2) = Batt (2, 1k)

s
Batt (14, 23) = 229
14

Batt (14, 32)

=0
214

Batt

(14, 14)

Batt (14, 1) ED7 + Batt (1k4, 2) ED30

-Batt (14, 1) - Batt (14, 2) - Batt (14, 23)




64

NODE 15:

Toy * Tpp = 1320

(B) - Bis - Bpg) 815 (Bp - Blo - Bypg) 16 (By5 - Bpy) S -0
Rg *+ Rpg Ru3 * Rpag %15

Batt (15, 1)

Batt (1, 15)

Batt (15, 2) = Batt (2, 15)

Sse
215

Batt (15, 23)

1

Batt (15,715) = - Batt (1, 15) - Batt (2, 15) - Batt (15, 23)

(]

Batt (15, 32) = Batt (15, 1) Epg * Batt (15, 2) ED29



65

NODE 16:

Toy ¥ Ip5 = I =0

(B) - By = Bg) Sip  (Bp - Big - Biog) Sig  (Fag = Bps) Ss3 o
Ry * Fpg Ruo * Fpog %16

Batt (16, 1) = Batt (1, 16)

Batt (16, 2) = Batt (2, 16)

S

N

.l.

3
16

Batt (16, 23)

]

Batt (16, 16)

- Batt (1, 16) - Batt (2, 16) - Batt (16, 23)

Batt (16, 32) = Batt (16, 1) ED9 + Batt (16, 2) Epog




66

NODE 17:
127 +129 - 128 = 0
(E) - Bjp - Eppg) S . (E, = Ejp = Epor) Sy j (E; - Epg) 8y, o

Ris * Bpio Ryy * Bpoy 417

Batt (17, 1)

Batt (1, 17)

Batt (17, 2) = Batt (2, 17)

S
Batt (17, 23) = 225

17
Batt (17, 17) = - Batt (17, 1) - Batt (17, 2) - Batt (17, 23)

Batt (17, 32) = Batt (17, 1) B * Batt (17, 2) EDQT‘




NODE 18:

I..+1

30 32

(B - Big = Epyy) Sy (Bp = Big - Brog) Spp  (Bpg - Epg) 8o

-1

67

=0

Ry * By Buo * Bpog 28
Batt (18, 1) = Batt (1, 18)
Batt (18, 2) = Batt (2, 18)
S
Batt (18, 23) = Eii
18
Batt (18, 18) = - Batt (18, 1) - Batt (18, 2) - Batt (18, 23)
Batt (18, 32) = Batt (18, 1) Bypt Batt (18, 2) ED26

=0



68

NODE 19:

" I33 - I35 - gt I3, =0

_ (B1g = B - Byyp) Sp3 555 _ (B1g = ®p = Fips) Sp6 Sau . (B, - Byp) ST
1o * Bppo R39 * Fpas Rol
(Bjg = E5 = Bpig = Bpyg) Sug .
- R, + R _ o +R -

23 D18 D19

Batt (19, 1)

Batt (1, 19)

Batt (19, 2) = Batt (2, 19)
Batt (19, 7) = Batt (7, 19)
Batt (19, 5) = Batt (5, 19)

Batt (19, 19)

- Batt (19, 1) - Batt (19, 2) - Batt (19, T) - Batt (19, 5)

Batt (19, 32)

]

- Batt (19, 1) E ;o - Batt (19, 2) Epyg - Batt (19, 5) (EDIB + ED19)



69

NODE 20:

_ Boo * Bros - Bps) B7s  (Fpg * Bpep - Ba) Sqy  (Bpp * By - By Spg
Fee * For Reg * Fop R, * B
. (Bag = Bx) 8gp . (30 = Bao) Sg . (o3 - Bao) Sgp . (o = Bao) Sy
Zog * Ko Zos * Reo Re 7 g
+ (Ba7 = Eag) 87 =0
- -
27
s
Batt (20, 23) = R—@-
51
s
Batt (20, 28) = 561-
28
s
Batt (20, 27) = zﬂ
27
s
Batt (20, 25) = —
s
4
Batt (20, 24) = =Pt
Rgg * Rsp
s
Batt (20, 31) = 13
Rs3 * Rgy,
s
Batt (20, 29) = z——I2
Ze9 * R3h
Srg

Batt (20, 30) = o——o—
Zao * Res




T0

Batt (20, 20) = - Batt (20, 23) - Batt (20, 28) - Batt (20, 27) - Batt (20, 25)

n

- Batt (20, 24) - Batt (20, 31) - Batt (20, 29) - Batt (20, 30)

Batt (20, 32)

Batt (20, 25) EFC3 + Batt (20, 24) Epoo * Batt (20, 31) EFCl




1

NODE 21:

Tys * Igp = T, = ©

ST = 1.0

If S45 = 0 and S¢g = 0

then ST = 0

(B3 = Boy) S35 (B3 = By * Bppy) Sg3  (Bpy - Bpg) ST .
Rig Rao * By 2y

Batt (21, 3) = Batt (3, 21)

s
Batt (21, 23) = ﬁ——-G-f—R— + E—T—
20 " Rop %y

Batt (21, 21)

- Batt (21, 3) - Batt (21, 23)

S63 (
Byp * By

Batt (21, 32) = - Eopa)




T2

NODE 22:

IBh - 182 + I83 =0

ST = 1.0

It 862 = S58 =0
then ST = 0

By = Bpp) Ssp  (Bpp = Bp3) ST (Bpy - Bpp * Bppy) Sgp _
a1 %22 B33 ¥ Bsp

Batt (22, 4) = Batt (L4, 22)

ST Sgo

+
Z R33 + R22

L]

Batt (22, 23)
22

Batt (22, 22) = - Batt (22, 4) - Batt (22, 23)

s62

Ry * Rgp

Batt (22, 32)

(Eonp)

PBB




Node 23:

I 1T Ib'3 + Ihh + 181 +

T80

+I_+1

T3

+ I . +1

3 6 9 12 + Ilh + I57 + I58 - 176 + 118

+ Tpg * gy + Tps# Tpg + Tpg * Iy - Tgg ¥ Tgy * Igg + Igg + Tyg =I5 = O
(E, - Epq) Sq i (Epz - Eq + Eyy) Sq¢ . (E5 - By3) Sgr . (Ey - Epq)
2 Bi7 * P Z3 21
. (Bo3 = By * Epmy) g3, (Fg = Byg) Sy (Bg - Bpg) 8y (Byg - Bpg) Byq
a1 * Rapo Zg Zg Z10
. (B, - Eyg) Suu (B, - Epy) Shs (E5 - Exg) S)g . (Bg - Enq) Syq
Z11 Z12 Zs Zg
) (E,5 + Bgg - Ep) shg (E 13 E,;) 883 (E)), = Epq) s50 . (E26A:_F23) 85y
Rog * Ror Z13 214 226
L (Bis - Bp) Sop (g - Bpd) Sy (Byp - Bpg) S5 (Bag - Bay) S5
%15 %16 2t %18
_(Bpy * Bppp - Fpp) Sgp  (Bpp - Bag) , By - Bpg) 859 (B = By * Epp) 5y
R3p * Ryg Z22 Z, Bys * Ryg
, (Ep - Bag) Sy (Bp3 - Epo) Sy _
Z, R,
ST = 1.0
If8,4 =8, =0
Then ST =

Batt (23, 21)
Batt (23, 8)

Batt (23, 9)

Batt (21, 23)
Batt (8, 23)

Batt (9, 23)



Th

Batt (23, 10) = Batt (10, 23)

i

Batt (23, 11)

Batt (11, 23)

Batt (23, 12) = Batt (12, 23)
Batt (23, 5) = Batt (5, 23)
Batt (23, 6) = Batt (6, 23)
Batt (23, 7) = Batt (7, 23)
Batt (23, 13) = Batt (13, 23)

Batt (23, 14) = Batt (14, 23)

Batt (23, 26) = o=

Batt (23, 15)

Batt (15, 23)

Batt (23, 16) = Batt (16, 23)

Batt (23, 17)

Ratt (17, 23)
Batt (23, 18) = Batt (18, 23)

8T = 1.0

I S
f P58

=84 =0

Then ST = 0

Batt (23, 22) = Batt (22, 23)

Batt (23, 4) Batt (4, 23)

n
et
(]

Batt (23, Batt (2, 23)

Batt (23, 20)

1]

Batt (20, 23)

Batt (23, 1)

Batt (1, 23)

w
P’
H

Batt (23, Batt (3, 23)

Batt (23, 23)

consist of subtracting all preceding batteries.

S, (B _,) S., (E.,) s, (E___) 8. (E.)
Batt (23, 32) = 23 —FBA_ | Bty (23, T) Epo + 53 ‘"ma’ | 62 Teme’ | 61 “sp

Ry * Ry Rig * Rig  Ryp * Baz  Ryg + Ryg
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NODE 2L:
Ty = Ipp - Ig5 =0

(Bog * Brop = Bou) Sp  (Bpy = Byy) Sy (B - Bpg) Spy

Rgg * Bsp Rgs * Reopy Rso * Rpers

=0

Batt (24, 20)

Batt (20, 2h)

S
Batt (2, 27) = ;—o—
63 RCRL
(24, 28) °10
Batt (24, 28) = —oHo~12
Rsg * Reers

Batt (24, 24) = - Batt (24, 20) - Batt (24, 27) - Batt (24, 28)

Batt (24, 32) = - Batt (24, 20) B

2
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Node 25:

175 - 172 - 166 =0

(Epy = Bps * Eyeg) Sqs (Bps - Byy) gy (Fog = Bog) 51y

Reg + Rgq Rey * Brere Reo * Brers

=0

Batt (25, 20)

Batt (20, 25)

S
Batt (25, 27) = ;—db—r
6k RCR6

s
Batt (25, 28) = ﬁﬂR_——
60 * "Rcrs

Batt (25, 25)

- Batt (25, 20) - Batt (25, 27) - Batt (25, 28)

Batt (25, 32) = - Batt (25, 20) Erc

3



T7

Node 26:

Isp = 153 =0

(Ep - Bog) Sgp  (Bpg = Bpy) S5y
Ros Zo6

Batt (26, T) Batt (7, 26)

Batt (26, 23)

Batt (23, 26)

Batt (26, 26)

- Batt (26, T) - Batt (26, 23)




78

Node 2T:

ITO + I71 + 172 - I69 - 16T - I6O =0

(E3) - Epp) 549 . (E), - Exp) Sgy . (Eps - Epq) Sgy ) (E,7; - E3p) Sog
Rgo * Rpepo Rg3 * Rrery Re * Brere Rgy
_ Bor - Ba) Sgp (Bar - B Se6
Zpg Rsg
S
Batt (27, 31) = — P
Rgo * Bpero
Batt (27, 24) = Batt (24, 27)
Batt (27, 25) = Batt (25, 27)
S
Batt (27, 30) = RT—B
61
Batt (27, 20) = Batt (20, 27)
Batt (27, 2) = Batt (2, 27)
Batt (27, 27) = - Batt (27, 24) - Batt (27, 25) - Batt (27, 30)

- Batt (27, 20) - Batt (27, 2) - Batt (27, 31)



Node

28:

79

Tow * Tos * Te6 = Tg3 = 7 ~ 161 = ©

(E31

65

B E28) S

69

. (E,, - Eza) S70 . (Ees - E28) Se1 _ (E28 - E29) S68

Rsg * Rper1

Rsg * Bgrers Rgo * Rpers Rea

Batt

Batt

Batt
Batt
Batt
Batt

Batt

(Bjg - Bao) Sgr  (Bpg - By) Sg5

228 Rss
S
69
(28, 31) = 77—
Rsg * Frema
S
(28, 29) = §§§
5T
(28, 20) = Batt (20, 28)
(28, 1) = Batt (1, 28)
(28, 28) = - Batt (28, 31) - Batt (28, 29) - Batt (28, 20) - Batt (28, 1)
(28, 24) = Batt (24, 28)
(28, 25) = Batt (25, 28)
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Node 29:
Igy = Igg =0
(Epg = Bpg) Seg  (Epg = Eng) Sop
R -~ TR, +2 =0
57 34 29

L]

Batt (29, 28) = Batt (28, 29)

Batt (29, 20) = Batt (20, 29)

1!

Batt (29, 29) = - Batt (29, 28) ~ Batt (29, 20)

L



B
.

T
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Node 30:

Teg = 19 =0

a1 = B3o) 878 (P30 - Fao) S _
Rey Rgs + 239

Batt (30, 27)
Batt (30, 20)

Batt (30, 30)

Batt (27, 30)
Batt (20, 30)

- Batt (30, 27) - Batt (30, 20)



SELE
*

’
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Node 31:

I73 - IGh - ITO =0

(Bpp = By * Bpy) 873 By - Bop) Sgp (B3 - Boy) Sq9
Rg3 * Ry, Rsg * Bper1 Rgn * Rpero

Batt (31, 20) = Batt (20, 31)

Batt (31, 28) = Batt (28, 31)

Batt (31, 27T)

U

Batt (31, 31) = - Batt (31, 20) - Batt (31, 28) - Batt (31, 27)

#

Batt (31, 32) = - Batt (31, 20) B,




